Abstract: Drainage networks are essential compartments in an urban infrastructure system for the efficient collection and prompt drainage of flood water. In addition to the advances in numerical techniques on urban flood simulation, the topological characteristics of urban drainage networks and their impacts on flooding have not been investigated thoroughly despite their importance. This study evaluated the urban drainage networks in Seoul, South Korea, in terms of the network configuration and its implication for peak flows and flood mitigation. Gibbs' model was used to analyze the network configuration of 31 urban catchments with various slope ranges. The results showed that urban drainage networks can be less efficient than river in nature in terms of the drainage time, which is counter-intuitive. On the other hand, the analysis showed that efficient networks have risks of flood concentration and, hence, increase potential flood risks. This study showed that efficient networks tend to have higher peak flows at the outlet and vice versa. Therefore, an alternative drainage network layout, which is less efficient and more sinuous, was introduced and it resulted in reduced peak flows and flooding. This result shows managing a proper drainage network layout can contribute to flood mitigation in urban catchments.
Introduction
In 2010 and 2011, the metropolitan city of Seoul, South Korea suffered from floods that the city had not experienced before. Seoul had a record flood in 1990, which was caused by flooding of the Han River that crosses the city. Since the flood in 1990, the city government has invested heavily to reinforce the levees and pumping stations primarily to prevent a similar flood. In contrast to their predecessors, the floods in 2010 and 2011 were both caused by local heavy rainstorm converged on very small areas rather than by flooding from the Han River. In particular, the flood damage in 2011 was caused by heavy rainfall; more than 200 mm fell over a six hour periods on 27 July in Gangnam areas, which have a high-density of assets and population in the southeastern part of Seoul. Seoul has a design criteria for drainage networks to deal with rainfall amount of a 30 year-return period. The heavy rainfall in 2011 at the Gangnam area was equivalent to the rainfall-amount of a 50 year-return period, which was slightly greater than the design standards, resulting in flooding of more than four square kilometers of the city's heart near Gangnam subway station [1] .
Flood disasters are the main cause of losses from natural hazards and are responsible for a large number of damaging events that threaten human safety [2] . With urbanization and climate change, many cities face increasing flooding risks playing a significant role in people's lives and the economy. Although there have been advances in the study of urban flood [3] [4] [5] [6] [7] [8] , most efforts have been concentrated on improving the accuracy of flood modeling in urban areas with complex geometry using cutting edge numerical methods and observations. Drainage networks are essential compartments in an urban infrastructure system for the most efficient collection and prompt drainage of flood water. On the other hand, despite their importance, the geomorphological characteristics of urban drainage networks and their impacts on flooding have not been investigated thoroughly compared to precise numerical schemes.
The relationship between the drainage network topology and shape of hydrographs has been a long standing topic in hydrology [9, 10] . The configuration of the drainage network layout depends strongly on the problem size, location of the outlet, and the topography of a catchment. In contrast, the small difference in the elevation in flat areas makes the problems totally different [11] . There is no guidance, such as topography, for a designer to delineate the layout of a drainage network. In general, drainage networks in urban catchments aim at the efficient collection and prompt drainage of water as much as possible. Seo and Schmidt [12, 13] examined the drainage networks of the southwestern part of Chicago, where the catchments are located at flat areas. The results revealed a wide range of network configurations in urban drainage networks in the flat areas in southwestern Chicago.
Seo and Schmidt [12] utilized the one-parameter Gibbs' model [14] to categorize the networks. As the parameter (β) tends to be zero, the resulting Gibbs' model is close to the uniform model [15, 16] whereas the Gibbs' model is close to the Scheidegger model [17] as the parameter tends to infinity. The Gibbs' model is based on Gibbs' measure [18] , which has maximum entropy and properties of a Markov random field [19] . As a stochastic network model, Gibbs' model is useful for categorizing an existing network, and also useful for generating an alternative layout of the drainage network. Seo and Schmidt [13] reported that Gibbs' model is efficient in terms of reproducing the original width function of a corresponding urban catchment. Seo and Schmidt [20, 21] also, evaluated drainage networks under moving storms using Gibbs' model.
As Haghighi [11] mentioned, in steep areas, drainage networks are typically cost-effective if they are designed based on the topography. In contrast, in flat areas like Chicago, there are not only efficient and optimized networks in terms of the drainage time, but also inefficient and highly sinuous networks as reported by Seo and Schmidt [12] . Combined with the effects of network topology on the resulting hydrographs of a catchment, the configuration of drainage network layout can be a crucial point in terms of mitigating the flood risks in urban catchments.
In this regard, this study examined urban drainage networks in Seoul in terms of the network configuration and its implication for peak flows and flood mitigation. Gibb's model was used to analyze the network configuration, and the parameter, β, of Gibbs' model was used to represent the configuration. Compared to previous studies on flat areas [12, 14] , the methodology was evaluated for a range of urban catchments, which are hilly and have suffered from inundation in recent years. A test catchment (Seocho4) was selected among 31 catchment to demonstrate the effect of drainage network layout on the peak flows of the resulting hydrographs by comparing the hydrographs from the original network and Gibbs' model. Actual rainfall records in 2011 were used for this purpose to show how network layout affects the peak flows and floods.
Methods

Gibbs' Model
Gibbs' model sets the probability based on Gibbs' measure, which originated from the Ising model [18] . Any positive measure with the property of a Markov random field can be regarded a Gibbs' measure with an appropriate energy function [19] . The stochastic network model based on Gibbs' measure [14] defined a Markov chain with the spanning trees S as the state space. A tree is a graph in which any two vertices are connected by precisely one simple path and a spanning tree is an acyclic tree connecting all points in the network without loops or cycles. Let s belongs to Ss and two trees, s1 and s2, be adjacent if one can be obtained from the other. To achieve this, a point must be selected randomly in s1 and a new direction defined from that point will be a new spanning tree, s2. The transition probability from s1 to s2, Rs 1s2 , can be defined as follows [14] : 
where N(s1) is the set of trees adjacent to s1, and β is a parameter that represents the extent to which the sinuosity of the network is reflected in the generation of the new spanning tree, s2. For example, when β is equal to zero, the overall sinuosity of a network has no relationship with the transition probability and the transition probabilities are the same in all possible directions, which is identical to the uniform distribution. The maximum degree of the points in S, r, is defined as follows [14] :
The degree, r, refers to the maximum number of directions that can be selected, except for the existing direction. H(s) is a measure of the sinuosity of a given spanning tree, s:
where s is a spanning tree, d is a point of a finite and connected graph B, and D(B) is the set of the total points of B. ξs is the distance to an outlet along s from v, while ξB is the shortest distance to the outlet from d. During every generation of adjacent spanning trees, a check is made to determine if there is any loop inside the network. As shown in Figure 1 , Gibbs' model was simulated for one of the test catchments, Seocho4, for each value of the parameter, β. The thickness of the network represents the maximum width function at that location. The width function can be converted easily to a unit hydrograh. Therefore, the thickness can be interpreted as the maximum peak flow at each point. In this regard, the magnitude of the peak flow at the outlet itself is higher on Gibbs' model with a greater value of β (e.g., when β = 10 0 in Figure 1 ) compared to the model with a smaller value of β (For example, when β = 10
−4
). Figure 1 shows that the maximum peak flows are observed not only at the outlet but also in other parts of the mainstream on Gibbs' model with a smaller value of β. In contrast, although the magnitude of the peak flow is higher with larger β values, the maximum peak flow is observed near the outlet as β increases. A comparison of the flow distribution of Gibbs' model indicates a close relationship between the spatial distribution of the peak flows and the drainage network, which is related directly to the risk of the corresponding drainage system. Figure 2a , the total distance from the outlet becomes shorter as β increases whereas the peak becomes larger. Figure 2b shows the maximum value of Gibbs' model averaged after one hundred simulations. Owing to the nature of stochastic network model, the averaged maximum value with β equal to 10 0 is smaller than that with β equal to 10
, but the trend shows that the maximum value of the width function at the outlet tends to increase with β. This is important because, as mentioned earlier, the width function is related directly to the hydrologic response of a drainage network. Figure 2 shows that the peak flows of a drainage network are highly dependent on the configuration of the layout.
Figure 2. (a)
The width function at the outlet of Gibbs' model depending on β and (b) the maximum value of the width functions averaged over 100 simulation for each β for a test catchment, Seocho4.
Study Area and Estimation of Beta
The metropolitan city of Seoul is composed of 238 catchments (Figure 3 ). The Han River crosses the city. The shaded area also shows the flooded areas caused by flash storms in 2010 and 2011. The storms converged on the southern part of Seoul. In particular, the damages that occurred in 2010 and 2011 were focused primarily on the southeastern (Shinweol) and southwestern areas (Gangnam), which have a high density of assets and population. Among the 238 catchments, the black-lined catchments in Figure 3 with flood damages in 2010 and 2011 were selected to estimate the value of β. This study used the width function to estimate β for each catchment. The width function is defined as the catchment area at a distance from the outlet [22] . The width function and the area function can be defined differently based on the channelization [23] but the width function basically represents the distance-area function [24] . In this study, the width function was defined as the number of grid points for a given distance from the outlet [12, 20] . The value of β that best represents the network width function of a catchment was selected. The procedure is as follows: First, a drainage network was reconstructed on a lattice, from which the actual width was calculated. Using the previously simulated Gibbs' models (one hundred simulation) for each beta, the width functions were then averaged with respect to distance from the outlet. The Nash-Sutcliffe model efficiency, E, was used to select the value of β that best respresented the original drainage network. Figure 4 presents the process of estimation for a catchment, BangBae3. The gray shaded areas are located between 25% and 75% quartiles. The dots are the averaged width function from Gibbs' model. The model efficiency, E, increased to 0.96 for a value of β equal to 10 0 for BangBae3, which is one of the catchments, where flood occured in both 2010 and 2011. Figure 4 . Comparison of the width functions from the actual and simulated drainage networks; the resulting E is plotted as a function of β for a test catchment, BangBae3; the shaded area represents interval between the 25% and 75% quartiles.
Flood in 2010 and 2011 in a Test Catchment, Seocho4
Recent rainfall events were likely to have occurred under the influence of climate change. The climate variability and change have direct consequences on global flood hazards [25] . The increased frequency of the occurrence of flood events in the world is partially attributed to the climate change-driven increase in extreme precipitation [26] . Climate change is making weather less predictable, rains more uncertain and heavy storm rainfalls more likely [27] . The quantitative estimation of the impact of climate change on small-scale and extreme rainfall events is a developing research area, and there is a large degree of uncertainty with the current estimates [26] .
As mentioned previously, the floods in 2010 and 2011 were caused mainly by the insufficient conveyance capacity of drainage networks. Previous floods in Seoul were due to inundation of the Han River or rising water surface elevation of the Han River accompanied by the insufficient pumping capacity. Therefore, the city government has invested in the reinforcement of levees and pumping stations primarily to prevent flooding from the Han River. In contrast to historical floods in Seoul, the floods both in 2010 and 2011 were caused by local heavy rainfall converging on very small areas of Seoul rather than by the Han River. In particular, the flood damage in 2011 was caused by heavy rainfall, more than 200 mm, during 6 h on July 27 in Gangnam areas, which have a high-density of assets and population in the southeastern part of Seoul. Seoul has the design criteria for drainage networks to deal with the rainfall amount of a 30 year-return period. The heavy rainfall in 2011 at the Gangnam area was equivalent to the rainfall-amount of a 50 year-return period, which is slightly greater than the design standards resulting in flooding over more than four square kilometers of the city's heart near the Gangnam subway station [8] . Figure 5a presents Seocho4, which is one of the catchments around the Gangnam subway station that was flooded in both 2010 and 2011. The flood in 2010 was greater than that in 2011. Figure 5b shows the drainage network and topography of Seocho4. The arrow in Figure 5b indicates the flooded location where the conveyance capacity of the conduit was insufficient. The analysis shows that the overflowed water flows along the street and contributed to the flooding of the Gangnam subway station consequently [1] . 
Results and Discussion
Network Configuration of Urban Catchments in Seoul
Using the methodology described in the previous section, the network configuration of 31 drainage networks in Seoul was estimated. A constant grid size of 50 m was used to reconstruct the original network and also simulate Gibbs' model to estimate the value of β. As mentioned earlier, the catchment slopes are rather steep from 2.92% to 19.32% with an average of 8.57%. The conduit slope ranges from 0.67% to 7% with an average of 4%. Seo and Schmidt [12] examined the value of β of Chicago area and found that β ranges form 10 , where the catchment slope ranges from 0.51% to 1.05% with an average catchment slope of 0.8%. Although the catchments of Chicago and Seoul have similar average catchment areas, 2.81 and 1.90 square kilometers, they have significant difference in catchment slope; the average slope (8.57%) of Seoul's catchments is more than 10 times steeper than that (0.80%) of Chicago areas. Table 2 lists the values of β estimated for the 31 catchments in Seoul. The columns, n and m are the number of rows and columns used to reconstruct drainage networks. The goodness of fit is the Nash-Sutcliffe efficiency to determine the value of β, as shown in Figure 4 . The Nash-Sutcliffe model efficiency ranges from 0.52 to 0.99 and the average is 0.83, which shows that Gibbs' model successfully simulates the original drainage network. The result shows that the value of β ranges from 10 reported by Seo and Schmidt [12] . Troutman and Karlinger [14] examined the value of beta in mountainous areas in Montana and found that rivers have the mean value of beta equal to 10 0 . Seo et al. [28] showed that rivers in nature are close to the Scheidegger model, which is equivalent to Gibbs' model with β of infinity. These previous studies show that rivers have evolved and transformed themselves to very efficient states in terms of drainage time. In contrast, the analysis using Gibbs' model shows that urban drainage network can be less efficient compared to rivers.
As Haghighi [11] mentioned, in steep areas, the drainage networks are typically cost-effective if they were designed based on the topography. In contrast, in flat areas such as Chicago, there are not only efficient and optimized networks in terms of the drainage time or construction cost, but also inefficient and highly sinuous networks [12, 13] . On the other hand, the analysis of catchments in Seoul, where the catchment slope is 10 times steeper than that of the Chicago catchments, still showed that the drainage network can be highly ineffective in terms of the drainage time. Figure 6a shows the distribution of β for the 31 test catchments in Seoul, which shows a wide range of network configurations. As shown in Figure 2b Figure 6b-f shows very weak relationships between β and the catchment properties, such as area, perimeter, drainage density, conduit slope, and catchment slope. In particular, Figure 6e ,f shows that there is no correlation between the network configuration and conduit or catchment slopes. Therefore, the case study of urban catchments in Seoul shows that ineffective drainage network can exist in urban catchments regardless of the catchment slope. For example, the test catchment, YiSu, has a catchment slope of 10.17% but the value of β is 10 
The Effect of Drainage Network Layout
Note that the configuration of urban drainage network layout has no relationship with the catchment properties, such as catchment slope. This means that the configuration of the layout is not automatically or naturally determined by following topography. This also means that it is necessary to think of the configuration of drainage network layout intentionally because it has a relationship with flooding or peak flows of the drainage network runoff hydrographs [12] . To evaluate the effects of drainage network layout, a model was built using the US Environment Protection Agency Figure 7 depicts the SWMM model with the original and alternative drainage network for Seocho4. The diameters of the alternative drainage network were determined depending on the Strahler ordering. Table 3 lists the conduit information of the original network. The alternative layout (Figure 7b ) was built to have the same diameter as the original network depending on the Strahler order. The impervious ratio of each grid was obtained using the land use map and the soil parameters for the Green-Ampt equation were based on the corresponding soil types [29] . Unfortunately, there is no flow record for the calibration of the SWMM model in (Figure 8a,b) showed no reduction in the peak flows. Instead, the flooded volume was reduced by 54% and 72%, respectively, compared to the actual (original) layout.
In contrast, Figure 8c shows the simulation results for a rainfall event with no surcharging (flooding). The peak flow was reduced by 10.2% for the alternative layout obtained from one of Gibbs' model with β = 10 −4
. The results with an alternative layout strongly highlight the importance of network configuration in terms of the reduction and mitigation of flood damages in urban environments. 
Conclusions
This study analyzed the characteristics of urban drainage networks in Seoul using Gibbs' model. The results showed that the drainage networks in Seoul have a wide range of network configurations. Combining the results from previous studies [12, 14] , this study showed that the network configuration has little relation with the catchment properties, such as the catchment slope. This is important because the configuration of the layout is not automatically or naturally determined by the topography. Therefore, it is necessary to consider the configuration of the drainage network layout with intent because it does have a relationship with flooding or the peak flows of the drainage network runoff hydrographs. The case study of Seoul highlights the need to seek an alternative drainage network layout. Typically, a drainage system is designed to drain water from developed areas as promptly as possible during floods. On the other hand, the case study in Seoul shows that efficient networks can have risks of flood concentration and increase potential flood risks. This study showed that efficient networks tend to have higher peak flows at the outlet in the case of no flooding. In contrast, an alternative drainage network layout of a test catchment, which is less efficient and more sinuous, resulted in reduced peak flows in the case of no flooding and also reduced flooded volume in the case of flooding. In this regard, managing a proper drainage network layout can be an alternative measure for efficient flood mitigation in urban environments.
